Study of volume and surface plasmons in small silicon-hydrogen
  nanoclusters by GW method by Matsko, N. L.
Study of volume and surface plasmons in small
silicon-hydrogen nanoclusters by GW method
N.L. Matsko1,2
1Skolkovo Institute of Science and Technology, Moscow, Russia, 143026
2P.N. Lebedev Physical Institute, Russian Academy of Sciences, Leninskii prosp. 53, 119991 Moscow, Russia
Abstract
Numerical calculations of surface and volume plasma excitations in silicon and silicon-hydrogen
nanoclusters in the range Si10-Si60 and Si3H8-Si39H40 are performed. Some nanocluster struc-
tures were obtained using the evolutionary algorithm, others were taken from the database.
The GW method was used to calculate the response function and self-energy of the structures
under study. The applied method shows the results consistent with the experiment (except
plasmaron artifacts) and sufficient sensitivity allowing to investigate the effect of the cluster
structure and size on the specific properties of plasma excitations. In the studied silicon and
silicon-hydrogen nanoclusters the surface is one of the key factors affecting the properties of the
plasmons. Passivation of silicon dangling bonds on cluster surface changes frequency of plas-
mons and significantly decreases their damping. It makes the surface and volume plasmons to
be clearly distinguishable even in small clusters.
1 Introduction
The prospects for the use of nanoscale components in industry are very promising. In addition
to the higher density of the components, nanotechnology reveals opportunities associated with the
special properties of perspective devices - the quantization of electronic excitations in nanoscale
systems. Changing shape and size of the device one can change its resonance properties. Plasma
oscillations in nano-objects are of great interest among these excitations. The practical application
of nanoplasmonics will help to create devices with work frequency much higher than the frequency
of modern electronics, optoelectronic devices with record performance and response time, etc. This
requires an accurate theoretical description for the excitations in nano-objects.
1
ar
X
iv
:1
80
6.
08
99
3v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 23
 Ju
n 2
01
8
Plasma excitations in the bulk could be divided into volume plasmons (collective charge oscil-
lations inside the object volume) and surface plasmons (collective charge oscillations propagating
along the surface of the object). Basically the frequency of volume plasmons (ωp) is noticeably
higher than that of surface plasmons (ωs). For the jellium-vacuum surface ωs = ωp/
√
2. In bulk
silicon ωp = 16, 9− 17, 3 eV [1]-[3] and ωs = 10− 10, 4 eV [3], [4].
In nanoclusters the plasmon properties undergo considerable changes. Atomic structure of small
nanoclusters generally differs greatly from that of the bulk structures and relatively big particles
(thousands of atoms and more). The nanocluster structure varies widely with cluster size and
composition. This, in turn, affects the electron screening and oscillator strength. Furthermore,
surface atoms constitute a significant part of small nanoparticles. Electron screening in the surface
region is usually weaker than in the internal region and is influenced by the cluster environment [5]-[7].
In addition, the decrease of the surface area increases plasmon scattering and plasmon peak width
[8]-[10]. Summarizing the above we can say that plasmon properties of each individual nanocluster
are unique and can vary a lot.
A large number of experimental works is devoted to study of plasmon properties in metal and
semiconductor nanoclusters, nanowires [5],[8]-[12]. The results show that the frequencies and damp-
ing of plasmon excitations in general increase as the sample decreases. For silicon nanoparticles there
are available experimental data on plasmon measurements for clusters down to 3-4 nm in diameter.
As the particle size decreases from bulk to 3 nm, the plasmon frequency increases by 1 eV. In this
range of particle sizes the volume plasmons (VP) have noticeably greater intensity than the surface
plasmons (SP). It can be noted that the experiment mainly gives average information on structure
and surface of the nanoclusters in ensemble. Determination of the structure and properties for a
given nanocluster is usually problematic.
Most of the theoretical works considered spherical nanoparticles with the wave function of elec-
trons and holes in the form of spherical harmonics. Within the effective mass approximation it was
shown that in spherical semiconducting nanoparticles with a diameter of 3-5 nm and greater (limits
of applicability of the approximation) electron excitations basically undergo a blue-shift as particles
decrease [13, 14]. In the TDDFT approximation it was shown that for jellium spheres containing
20-198 electrons the frequency of volume plasmons increases as the "particle" radius decreases. For
the surface plasmons the two competing effects influencing the value of frequency were indicated:
the blue-shift due to the carrier confinement and the red-shift due to the surface "diffuseness" of the
electronic charge. The dominant effect cannot be specified a priori [6].
It can be noted that all mentioned theoretical works deal with simplified model objects and do
not consider plasmons in the structures corresponding to the real stable nanoobjects. Thus, the
reliable first-principles description of plasmon behavior in nanostructures, relations between plasmon
properties and nanocluster structure are essential problems. Although DFT-based methods are
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general for calculating ground-state properties of solids, molecules and nanoparticles, they are not
suitable for an accurate description of elementary excitations and dynamical properties. Information
on the excited states of the system under study is needed. For this purpose the GW method was
used in the present work for calculations of plasmons in silicon and silicon-hydrogen nanoclusters
with size from 4 to 11,5 Å.
2 Computational details
Density functional calculations in the Quantum Espresso (QE) [15] code were used as a starting point
for the one-iteration GWA (G0W0). The QE calculations were made with PBE GGA pseudopotential
and a plane wave basis set having the cutoff energy of 50 Ry. Computations were performed for cubic
supercell geometry with the side length of 45 Bohr. Nontrivial geometries for Si3H8, Si4H10, Si7H14,
Si7H16, Si10, Si10H16, Si10H22, Si14H20, Si16, Si16H22, Si20H26, Si26H30, Si30H34, Si35H36, Si39H40 clusters
were obtained with the evolutionary algorithm realized in the USPEX code [16, 17] (see our previous
publications [18, 19]). Cluster geometries for Si22, Si30, Si39, Si51, Si60 were taken from The Cambridge
Cluster Database [20]. The atomic structures of considered nanoclusters were relaxed using PBE
GGA functional until atomic forces became less than 10−4 Ry/Å.
For the GWA calculations the BerkeleyGW [21]-[23] package was applied. Full frequency depen-
dence method with real-axis formalism for the inverse dielectric matrix calculations was implemented.
The dielectric matrix was inversed on a non-uniform grid of 140 frequency values. Energy cutoff for
the dielectric matrix was set to 2.5 Ry. Total number of bands (valence+conduction) to sum over
was set to 1000. The Coulomb interaction was cutoff on the edges of cell box.
An important quantity for the object under study is the spectral function :
An(ω) =
1
pi
Im[Σ(ω)]
(ω − n −Re[Σ(ω)])2 + (Im[Σ(ω)])2 (1)
where Σ = GW is the self-energy, n - is the quasiparticle (QP) energy of the electron state
n. Photoabsorption, photoelectron spectrum, electron energy loss spectroscopy (EELS) profile etc.
are, roughly speaking, proportional to Atot(ω) =
∑occ
n An(ω) (sum over all occupied electron states).
Spectral function for the valence electron state ideally consists of QP peak accompanied by the series
of equidistant plasmon satellite peaks which are located below on the energy scale. These satellite
peaks are positioned at multiples of plasmon energy and have decreasing intensity [24]-[27]. The
spectral function of the GWA reproduces one satellite for the QP peak of the valence state below
Fermi energy and one for the conduction state above the Fermi energy. Thus the plasma frequency in
GW calculations can be considered as the distance between the QP peak and its satellite. However,
the GW spectral function has a noticeable shortcoming: distance between QP peak and its satellite
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is significantly overestimated in comparison with the experimental plasma frequency. The reason for
this is that the plasmon satellite peak in (1) is dominated by zeros of (ω− n−Re[Σ(ω)]) (i.e. poles
of the Green function) and is affected by the value of Im[Σ] much weaker [25],[28]-[30]. In G0W0
the plasma frequency is typically overestimated by a factor 1.5-1.4 [25]-[27],[29],[31]. Our G0W0
calculations of A(ω) for bulk silicon give plasma frequency equal to 23.5 eV, while the experimental
value is 17,3-16,9 eV [1]-[3]. Such a feature of the spectral function was called plasmaron, a coherent
state of coupled hole-plasmon pairs [28, 30]. Now it is generally recognized as an artifact of the
GW method. In contrast to spectral function, peaks in Im[Σ] are mainly influenced by −1 (which is
included in the expression for W = v · −1) and are directly related to plasma excitations. Thus, an
analysis of the features of the Im[Σ] function is more convenient for determining the plasma excitation
frequency. We will find plasma frequency as the distance between QP peak and appropriate peak in
Im[Σ] from G0W0 calculations. For bulk Si in this approach our calculations show volume plasma
frequency equal to 16.9 eV.
Figure 1: a - merged data on photoabsorption and photoionization in C60 from work [32]:  -
photoabsorption results [33]; 4 - photoabsorption results [34]; ◦ - photoionization data [32]. b -
photoionization cross section in C60 from work [35]. c - spectral density function Atot(ω) inverted on
the energy axis (present work GW calculations).
To test the method described above the calculations of the spectral density in the fullerene
molecule C60 were carried out. Fullerene was chosen as a semiconductor nanoscale object close in
size to silicon nanoclusters considered in this paper. Moreover, there are detailed experimental data
on photoabsorption and photoionization in C60, describing plasma excitations well enough. Fig. 1a
shows data on photoabsorption [33, 34] and photoionization [32] (the merged curve is given from
[32]); Fig. 1b shows photoionization data from work [35]; Fig. 1c presents spectral density function
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Atot(ω) inverted on the energy axis (present work GW calculations).
On the spectral density graph the interval from 5.8 to 26.5 eV corresponds to valence band.
In addition, the graph shows two prominent peaks at frequencies around 34 and 49 eV - plasmon
satellites. The same features can be seen on the experimental curves in Fig. 1a and 1b. As mentioned
above the peaks in the spectral density have frequency of 1-2 eV above the experimental ones. We
can say that except for this shift, the theoretical model describes well the collective excitations in
fullerene.
3 Dependence of volume plasmon frequency on nanocluster
size.
Dependence of plasma frequency on nanocluster size can be understood qualitatively as follows. In
RPA the real part of dielectric function could be written as [36]:
(ω) = 1− 4pie
2
m
∑
ν
f0ν
ω2 − ω2ν0
(2)
where f0ν is an oscillator strength for the electron transition from the ground state to the excited state
ν, ων0 - frequency of the excitation. For plasma oscillations (with frequency ωp) we can write (ωp) =
0. Assuming that plasma frequency is large compared to the characteristic interband transitions
(that is valid for nanoscaled silicon clusters and larger ones), we can expand (ω) in powers of the
small parameter ω2ν0/ω2p. Using the relation
∑
ν f0ν = Nval, where Nval is the number of valence
electrons, we can write:
1− 4pie
2
m
Nval
ω2p
− 4pie
2
m
∑
ν
f0ν · ω2ν0
ω4p
= 0 (3)
Denoting 4pie2
m
Nval = ω˜p (plasma frequency for electron gas) and assuming that ων0 ≈ ωg (ωg is the
HOMO-LUMO gap) we can write plasma frequency of the nanocluster as:
ω2p '
1
2
ω˜p
√
ω˜2p + 4ω
2
g +
1
2
ω˜2p (4)
The dependence of the ωg on cluster size d can be approximated as the 1/d2 [13, 14]. Taking this
and (4) into account it could be seen, that for small nanoclusters the plasma oscillation frequency is
proportional to 1/d. For the large clusters, when ωg tends to the bulk value, plasmon frequency in
(4) also tends to the bulk value.
Fig. 2 shows the results of GW calculations of the volume plasmon frequencies in silicon and
silicon-hydrogen nanoclusters depending on particle size as well as experimental values. Empty circles
- plasmon frequencies from spectral density A(ω) calculations for silicon nanoclusters Si10, Si16, Si22,
5
Figure 2: Dependence of the volume plasmon frequency on nanocluster size. ◦ - frequencies from
A(ω) for Sin clusters,  - frequencies from Im[Σ] for Sin clusters, 4 - frequencies from Im[Σ] for
SikHm clusters, + - experimental frequencies from [8, 9]. The inset: filled squares and triangles -
HOMO-LUMO gaps for Si and Si-H nanoclusters respectively (the axis units are the same).
Si30, Si39, Si51, Si60. Empty squares and triangles - plasmon frequencies from Im[Σ] calculations in
mentioned Sin nanoclusters and SikHm nanoclusters Si4H10, Si7H14, Si10H16, Si14H20, Si16H22, Si20H26,
Si26H30, Si30H34, Si35H36, Si39H40 respectively. Crosses - experimental frequencies from [8, 9]. The
size of calculated nanoclusters was determined as the diameter of a spherical particle of the same
volume. The inset in the upper right corner shows HOMO-LUMO gaps for the studied Si and Si-H
nanoclusters (filled squares and triangles respectively).
As can be seen from Fig. 2, plasma frequencies in the studied structures decrease as the cluster
diameter increases for the particles with size of d = 7−9 Å and more. Sin clusters plasmon frequencies,
obtained from Im[Σ] calculations (boxes), are 2-3 eV lower than the ones from A(ω) calculations
(circles). Passivation of dangling bonds in silicon clusters by hydrogen leads to a decrease in the
frequency by about 2 eV (triangles). Experimental data on plasmon frequencies are mainly available
for silicon nanoclusters of 30 Å and more, which is much larger than the calculated structures.
However, the given experimental frequencies can help to estimate the accuracy of the method; when
extending size-frequency dependence from the calculated structures to the region of larger clusters,
this dependence should connect with experimental data smoothly and monotonously. Extrapolating
the computed plasma frequencies of spectral function calculations for the Sin clusters (circles) we
get considerably overestimated values, like in the case of bulk silicon. In turn, for d > 7 − 9 Å
the obtained plasmon frequencies for Si and Si-H clusters from Im[Σ] calculations together with the
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experimental data show dependence close to 1/d from formula (4). For large diameters the plasmon
frequencies in Si and Si-H nanoclusters tend to the common bulk limit of plasma frequency in crystal
silicon.
In the specified area around 7Å (Si22 cluster) and around 9Å (Si14H20), the plasmon frequencies
for Si and Si-H clusters have the maximum. With a further decrease of cluster size the frequency also
begins to decrease. From the graph of HOMO-LUMO gaps for Si and Si-H clusters (inset in Fig. 2)
it is clear that these maxima are not related to the electron spectrum peculiarities. In the work [6]
the possibility of the plasmon frequency red-shift when particle size decreases was explained by the
surface "diffuseness" of the electronic charge. In our calculations Si clusters with dangling surface
bonds and Si-H clusters with passivated ones have different surface "diffuseness". However, plasmon
frequency dependencies for these two groups of nanoclusters demonstrate almost the same features.
It looks like a contradiction with the concept of the impact of the surface charge "diffuseness".
We think that such change in the plasmon frequency behavior occurs because the nanocluster size
becomes comparable to the area of the electronic charge localization in the cluster. Thus, further
reduction of the cluster size significantly damps the charge fluctuations.
For the small Sin clusters like Si16 and smaller the spectral density in addition to the main QP
and plasmon peaks acquires nonessential small peaks. They can be associated with the influence
of dangling bonds that leads to electron states splitting. The role of the surface dangling bonds
increases with nanocluster size decreasing. This affects the plasmons, since the plasma excitations
can couple with interband transitions of comparable frequency [10, 37]. Moreover, with the decrease
of the surface area the scattering of plasmons and its coupling with each other increases. As a result,
plasma excitations become shifted and highly damped. So the concepts of single-pair excitation
or collective mode lose its meaning with the further reduction of the particle size. Passivation of
dangling bonds changes situation dramatically. Even in small hydrated nanoclusters as Si3H8 and
Si4H10 the plasmon peaks are clearly identified and well separated. Only with further size reduction
to clusters Si2H6 and SiH4 the plasmon peaks disappear, turning into a broad tail at frequencies
below the QP peaks.
4 Influence of dangling bonds passivation on volume and sur-
face plasmons.
In the EELS experiments for silicon nanoparticles the SP manifest themselves as peaks at frequencies
2-9 eV below the VP [8, 9]. In the work [8] for the 35 Å silicon nanocluster one can observe several
peaks (corresponding to the surface plasmons) with frequencies that are 2-5 eV lower than the
dominant VP peak. As cluster size increases the distance between SP and VP peaks increases as
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well. For the 100 Å silicon nanoclusters and larger the SP represent a broad peak separated from the
VP peak by about 7-8 eV. Another size-related feature is relative intensity of plasmons. The change
of nanocluster size leads to the change of surface area to volume ratio. For the small clusters where
fraction of surface atoms is high the ratio of the SP to VP intensity becomes larger, but for clusters
down to 35 Å this ratio is still much less than 1 [8, 9].
The SP properties in the examined Sin nanoclusters differ from those in SikHm principally. This
distinction is illustrated by the example of Si30 and Si30H34 in Fig. 3. Fig. 3a and 3b present A(ω),
Im(Σ), G−1(ω) functions for the bottom valence electron state and Atot(ω) for the Si30 nanocluster
respectively. Only QP and plasmaron parts are prominent in the spectral functions A(ω) for Sin
clusters. For the bottom valence state of Si30 the QP and plasmaron peaks have frequencies of
-16.3 eV and -38.7 eV respectively. Collective excitations in Im(Σ) for Sin clusters are basically
represented by several peaks located at intervals of ∼ 2-3 eV. It cannot be separated with confidence
just in appearance which peak refers to the surface and which to the volume plasmons. The Im(Σ)
graph in Fig. 3a shows four peaks corresponding to the collective excitations (indicated by arrows).
The peaks are located at frequencies from -36 to -26 eV and spaced at approximately the same
distances. The total spectral density Atot(ω) for the Si30 cluster (and for other studied Sin) shows a
broad tail at frequencies below QP peaks with no prominent peaks. The tail corresponds to collective
excitations and rapidly vanishes at frequencies exceeding value of QP frequency minus VP frequency.
Figure 3: A(ω), Im(Σ), G−1(ω) (3a and 3c) and total Atot(ω) (3b and 3d) for the Si30 and Si30H34
nanoclusters. Arrows indicate the peaks corresponding to the volume and surface plasmons.
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When adding hydrogen to silicon nanoclusters, the H atoms sit on the particle surface, passivating
Si dangling bonds. Increasing the number of hydrogen atoms we get a cluster with a silicon core
covered by H atoms. When all dangling bonds are passivated the further addition of hydrogen leads to
penetration of H atoms into the structure and to the loosening of the cluster. Thus the compactness of
the structure depends on the degree of passivation. The above process affects plasma excitation. Fig.
3c presents A(ω), Im(Σ), G−1(ω) functions for the Si30H34 nanocluster (Si30 nanocluster with fully
passivated surface). It could be seen that plasma excitations become red-shifted with passivation.
This occurs because of enhancing of the electron screening at the surface region with the passivation
of the dangling bonds. Another noticeable difference from the Si30 is that the surface and volume
plasmon peaks become clearly separated from each other. The distance between surface and volume
peaks increases up to 7 eV. Intensity of the peaks grows. These changes are most evident from the
Atot graph (Fig. 3d): the long tail in the frequency range corresponding to collective modes converts
to the two peaks related to the SP and VP. The mentioned influence of the hydrogen passivation on
the VP and SP segregation and intensity increase is inherent to all studied nanoclusters.
Figure 4: Structures of compact and ring Si7H14 isomers (4a and 4c). Functions A(ω), Im(Σ), G−1(ω)
for the bottom valence electron in the compact and ring isomers (4b and 4d). Arrows indicate the
peaks in Im(Σ) corresponding to the volume and surface plasmons.
Fig. 4 illustrates the influence of the nanocluster structure on plasmon properties. The upper
part of Fig. 4 shows the structures for the two isomers with formula Si7H14. Isomer in Fig. 4a is
compact, isomer in Fig. 4c has ring structure. Figs. 4b and 4d present relevant functions A(ω),
Im(Σ), G−1(ω) for the bottom valence electron in these isomers. The ring isomer demonstrates
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increased intensity of the surface plasmon and slightly reduced intensity for the volume plasmon
comparing to compact isomer. This can be explained if we assume that in ring isomer the surface is
a smooth closed circle. Thus for the surface plasmons which propagate along the circle the scattering
is lower than for plasmons which propagate along the broken surface of the compact isomer.
Relative intensity of VP and SP peaks varies throughout the cluster set Si3H8-Si39H40. In Si3H8
the SP peak intensity is about 4 times more than of VP peak. In clusters Si39H40 and Si35H36 the
SP and VP intensities become comparable.
5 Conclusions
The ratio of surface area to volume largely determines the nanocluster properties, in particular the
properties of plasma oscillations. The plasmon properties are mainly similar to the bulk for particles
where fraction of inner atoms is much bigger than the surface ones. VP have noticeably higher
intensity than the SP, frequencies of plasmons are only slightly different from the bulk. As nanocluster
size decreases the contribution of surface atoms increasingly affects the plasmon properties. In the
studied silicon nanoclusters the surface plays a key role. The surface dangling bonds in Sin clusters
noticeably increase the damping of plasma excitations, coupling of SP and VP with each other and
with interband transitions. Therefore, in small pure silicon clusters like Si16 and less the concepts
of "single-pair" and "collective" excitation lose their meaning, corresponding peaks become strongly
blurred and intertwined. In larger Sin clusters the collective excitations are basically represented
by several peaks. It cannot be separated just in appearance which peak refers to VP and which
to SP. Passivation of dangling bonds and formation of a surface layer of hydrogen atoms in SikHm
nanoclusters increases intensity of VP and SP peaks, which become clearly defined and well separated
from each other. This feature remains the same even for small nanoclusters like Si3H8. Frequencies of
volume plasmons in the studied SikHm nanoclusters are lower by about 2 eV than in Sik nanoclusters.
VP frequencies have the maxima for the clusters with diameters in the region of 7-9 Å . With the
increase of size of the studied nanoclusters the VP frequencies decrease tending to the bulk silicon
value. The difference between plasma frequencies in Si and Si-H goes to zero.
In the largest calculated clusters Si39H40 and Si35H36 the VP and SP have comparable intensities.
When the cluster size decreases and the fraction of surface atoms increases, the intensity of SP
becomes noticeably higher than that of VP. In Si3H8 the SP intensity is 4 times more than for VP.
For isomer structures with the same formula the structure that have sufficiently larger surface to
volume ratio shows higher SP intensity, while the VP intensity changes weakly.
The method used allows to calculate plasma excitations in nanoclusters containing about a hun-
dred atoms with acceptable accuracy. Computations of clusters containing up to a thousand atoms
are also of great interest, since such objects can be treated as components of plasmonic devices. In the
10
future we plan to investigate the applicability of the model dielectric functions and the plasmon-pole
models for the plasmon calculations in nanoobjects. Such approximations will significantly reduce
the complexity of the calculations and will allow to study the system of larger sizes.
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